Abstract. Complex cubic compounds Zn 6 Sc and Cd 6 M (M ¼ Yb, Ca, Y, rare earth) are approximant crystals of Zn-and Cd-based quasicrystals. A low-temperature structural transition has been observed for these compounds universally and is considered to be due to orientational ordering of an atomic shell in the icosahedral cluster. To get microscopic information on structure and orientational ordering of the atomic shell in the icosahedral cluster, the first-principles structural relaxation for Zn 6 Sc is carried out. We obtain variety of favorable structures for different lattice constants. The results are compared with those for isostructural Cd 6 Ca obtained in the previous work. We stress differences between Zn 6 Sc and Cd 6 Ca and discuss their possible consequences on phase diagrams.
Introduction
Ternary Zn--M--Sc alloys form quasicrystals (QCs) with various metal elements M such as Mg [1] , Cu [2] , Pd, Pt, Ag, Au [3] , Mn, Fe, Co and Ni [4] . As in many other QC, an approximant crystalline phase is found also in Zn--Sc compound. A cubic approximant crystal Zn 6 Sc [5] is isostructural with Cd 6 Ca and Cd 6 Yb [7, 8] , which are approximants of binary QCs, Cd 5:7 Ca and Cd 5:7 Yb [9] . Crystal structure of these compounds is described as body-centered packing of atomic clusters called Tsai-type, which consist of four successive atomic layers: An innermost tetrahedral shell of four Zn atoms, a dodecahedral second shell of 20 Zn atoms, an icosahedral third shell of 12 Sc atoms and an icosidodecahedron of 30 Zn atoms.
Order-disorder transitions around 100 K have been reported for these cubic compounds [10, 11] . The transition is attributed to orientational ordering of the innermost tetrahedral shell of the Tsai-type clusters. Above the transition temperature, the tetrahedral shells are oriented at random and the structure is analyzed by assuming body-centered cubic lattice. The structure of the low-temperature ordered phase has been determined by Ishimasa et al. [12] . The transition is observed so far only for cubic approximants but not for QCs. It is important to obtain a microscopic model of the orientational ordering for understanding mechanism, not only of the novel structural transition but also of quasiperiodic ordering in Zn-and Cd-based alloys.
Recently we have studied the structure of cubic Cd 6 Ca by first-principles calculations [13] . We have found three types of stable orientations of the innermost shell relative to the outer shells. Zn 6 Sc is isostructural with Cd 6 Ca and a ratio of the lattice constant to the atomic radius of Cd/ Zn is similar. However, small difference in the atomic size ratio Zn/Sc and Cd/Ca may lead to different orientation of the tetrahedral shell. In this paper, we report results of first-principles structural relaxations for Zn 6 Sc and comparison with those for Cd 6 Ca [13] .
Methods of calculations
First-principles calculations based on the density functional theory are carried out to determine the stable structure and orientation of the innermost shells. The ultra-soft pseudo-potential technique [14] are used to represent the effective interaction between the valence electron and ionic core. Electron-electron interaction is treated within the local density approximation in the density functional theory and the exchange-correlation energy parametrized by Perdew and Zunger [15] is used. Calculations have been performed using the ab-initio total-energy and moleculardynamics program VASP (Vienna ab-initio simulation package) [16] [17] [18] [19] .
A cubic cell including two four-layered icosahedral clusters and 36 glue Zn atoms is adopted as a unit cell in all calculations. The wave functions are expanded with a plane-waves basis set up to a kinetic energy cutoff of 210 eV and Kohn-Sham equations are solved iteratively to optimize the electronic structure. The Brillouin zone is sampled with 14 irreducible k-points (Monkhorst-Pack 3 Â 3 Â 3 grids) for structural relaxations. The estimated numerical error for energy difference of different structure at the same lattice constant is about 10 meV.
Results and discussions
Structural relaxation of Zn 6 Sc is started from the stable structures obtained for Cd 6 Ca. After the relaxation, two types of orientation of the innermost shell relative to the outer shells are found in Zn 6 Sc around an equilibrium lattice constant. One is essentially the same as the structure obtained experimentally as the low-temperature phase by Ishimasa et al. [12] and denoted as IS-cluster. The other one denoted as LC-cluster is that represents the average structure at high temperatures [5] . These structures are illustrated in Fig. 1 . As a rough description, the innermost tetrahedral shell in the IS-cluster is obtained by rotating that in the LC-cluster around the two-fold axis of the tetrahedron. The IS-and LC-type structures are also found in Cd 6 Ca.
Because the unit cell used in the calculations contains two clusters at the vertex and body-center, the crystal structure is described by combinations of the two clusters. In all the stable structures obtained after relaxation, the types of the clusters at the vertex and the body-center are the same but the two clusters are related with each other by appropriate symmetry operation. In the LC(E) structure, the orientations of the clusters at the vertex and body-center of the unit cell are identical. On the other hand, the two clusters in the LC(I) and LC(3) structures are related by the space-inversion and three-fold rotation, respectively. The cluster at the body-center in the IS(2) structure is obtained by two-fold rotation of that at the vertex, while that in IS(s) is obtained as a mirror image of the cluster at the vertex. The IS(E) and IS(I) structures are constructed as the LC(E) and LC(I) structures.
The calculated total energies are presented in Table 1 as differences from the most stable structure (IS(s) structure at 13.4 A). Note that a symbol '-' means the structure is not stable at the lattice constant and transforms to a different structure. The IS-type structures are more stable than the LC-type at smaller lattice constants. This trend is also observed for Cd 6 Ca [13] . Some difference between Zn 6 Sc and Cd 6 Ca is, however, noticeable. Energy differences between the structures with different orientations of the clusters at the vertex and body-center are generally very small in the present results. For instance, the energy difference between the LC(E) and LC(I) structures for Zn 6 Sc is only 3 meV at 13.4 A while that for Cd 6 Ca is 82 meV at the equilibrium lattice constant [13] . The insensitiveness of the energy to the orientational configuration is found at different lattice constants and also for the IStype structures.
Another important difference between Zn 6 Sc and Cd 6 Ca is the rotation angle which distinguishes the ISclusters from the LC-clusters. The rotation angles are shown in the bracket after the energy in Table 1 . The rotation angle of the IS-clusters increases with decreasing the lattice constant. Although the IS-type structures at 13.5 and 13.4 A is very close to the LC-type structure, one can see striking difference in the potential energy surfaces (PESs) with respect to the rotation angle. The PESs of Zn 6 Sc and Cd 6 Ca at the equilibrium lattice constant (13.4 A for Zn 6 Sc and 15.3 A for Cd 6 Ca) are shown in Fig. 2 . The PES for Cd 6 Ca has a minimum at q ¼ 0 and the energy increases rapidly with the rotation angle, while the rotation-angle-dependence in Zn 6 Sc is very small. The PES of Zn 6 Sc forms very shallow double-well shape, and its minima are at the positions corresponding to the IStype cluster with the rotation angle of 6 degrees. According to the experimental results for the low-temperature ordered phase, the tetrahedral shell is rotated around its twofold axis by 11-14 degrees [12] . As the energy difference between the LC (q ¼ 0) and IS (q 6 ¼ 0) structures (the depth of the well) is too small in comparison with the errors in the present numerical calculation, we cannot conclude that the IS structure is really Ab initio studies on orientational ordering in cubic Zn ---Sc the ground state for Zn 6 Sc. However, it would be reasonable to assume that the LC-type structure may be favored at high temperatures because of the thermal vibration around the two-fold axis. This is consistent with the experimental fact that the LC-type structure is observed at room temperature [5] . As the rotation angle of the IS-clusters decreases with increasing the lattice constant, the effect of the thermal expansion may contribute to favor the LC-type structure at high temperatures. The different shapes of the PES might lead to different phase diagrams under high pressure for Zn 6 Sc and Cd 6 Ca. Watanuki et al. reported various ordered phases under pressure for Cd 6 Yb [20] . An ordered phase stable at ambient pressure (phase I) transforms to phase III at 1 GPa. For Cd 6 Ca, we obtained a double-well shaped PES for a ¼ 15:1 A and the PES with a single minimum at q ¼ 0 for a ¼ 15:3 A. The change in the shapes of the PESs implies a transformation from the LC-type structure to the IS-type one for Cd 6 Ca. Roughly evaluated transition pressure was comparable to the experimental one [13] . The double-well PES for Zn 6 Sc at the equilibrium lattice constant allows the IS-type structure even at ambient pressure. From this point of view, it is interesting to see what happens under high pressure in Zn 6 Sc. Systematic experiments are certainly desirable.
Summary
First-principles structural relaxations are carried out for Zn 6 Sc at various lattice constants and the results are compared with those of Cd 6 Ca. The stable structures obtained for Cd 6 Ca are also stable in Zn 6 Sc. The trend that the IStype structures are stable at the lattice constant smaller than the equilibrium one is observed again in Zn 6 Sc. The strong orientational dependence in the total energy of Cd 6 Ca is not found in the results of Zn 6 Sc. We point out the difference in the rotation-angle-dependence of the total energy between Zn 6 Sc and Cd 6 Ca. These different behavior in the total energy might lead to different phase diagrams under pressure for Zn 6 Sc and Cd 6 Ca.
